Polypyrrole is a widely studied conducting polymer with excellent optical and electrical properties. Polypyrrole thin films in the pristine and iodine doped forms have been prepared by ac plasma polymerization. The in situ doping of iodine during the process of plasma polymerization modified the optical absorption behaviour of the thin films due to the incorporation of charged defects in the film structure. Optical band gap and related constants are estimated from optical absorption studies. The Urbach tail analysis of the pristine and doped thin films shows that more defect levels are created, when the polymerization was carried out in the iodine atmosphere. The electrical properties of these thin films were estimated from the conductivity measurements. It is found that in the case of iodine doped films, the optical band gap decreased and electrical conductivity enhanced when compared to the pristine ones. The results are correlated with the structural differences of the pristine and doped thin films with the help of Fourier Transform Infrared Spectroscopy (FTIR) analysis.
Introduction
Plasma polymerization or glow discharge polymerization includes alternating current (ac, radio frequency (rf) and direct current (dc) techniques. It is an excellent technique for the preparation of organic and inorganic thin films on various substrates from a starting monomer [1] . This technique is used not only to deposit thin films on appropriate substrates but also to control the composition of the surface layer of a material for suitable applications. Plasma assisted deposition of thin films is a fast growing area in the field of polymer film deposition due to its inexpensiveness and processing versatility. Plasma polymerization is used to modify the surface properties of various materials like thin films, nanopartices, nanotubes etc. The morphology and composition of plasma polymers are functions of the plasma parameters like power input, monomer flow rate, monomer vapor pressure, substrate temperature and the positioning of the substrates relative to the plasma zone. The technique of plasma polymerization can be employed for the preparation of thin films which are pinhole free, thermally stable, with predefined surface functionality. The potential fields of applications of plasma polymers, due to their interesting photonic and electronic properties, include anti-reflection coatings, polymer light emitting diodes (LEDs), optical sensors, surface passivation coatings and low dielectric intermetallics. Enhancement of the charge carrier injection by the plasma treatment of the indium tin oxide (ITO) electrodes used in the fabrication of organic LEDs is another interesting application of the plasma polymerization [2] . The applications of plasma polymerization technique in solar mirror protective coatings, thin-film capacitor materials, humidity sensors, and chemical sensors are established. Plasma polymer thin films of various materials like polyaniline, polypyrrole, polythiophene etc have been found to have a variety of potential applications in various fields of microelectronics and optoelectronics. [3] .
Polypyrrole is a widely studied polymer in its bulk and thin film forms due to its unique characteristics like excellent thermal stability in air, inexpensiveness of the monomer and ease of processing. In monomer form it is a simple heterocyclic organic compound [4] . Even though some reports on plasma polymerized pyrrole thin films in its pristine and doped form are available in the literature, a systematic study on the stability and structure of the insitu iodine doped plasma polymerized pyrrole thin films, and the effect of doping on its optical and structural properties due to the charged defects created during the polymerization process has not been reported. An attempt to explain the modification of the optical and structural properties and the Urbach tail analysis of the absorption spectrum is made in this paper. Experimental data of Urbach tail in a variety of disordered semiconductor and glasses exhibiting this Urbach exponential spectral behaviour strongly suggest that the Urbach absorption edge is nearly a universal property of the disordered solids.
Eventhough Urbach tail analysis is a tool for the estimation of defect states in amorphous thin films, it has not been widely employed in the case of plasma polymerized thin films. In the present study Urbach tail analysis of polypyrrole thin films is carried out for the comparison of defect states in the pristine and iodine doped forms. The structural disorders incorporated in amorphous solids are important factors which can affect their physical properties. The electric transport and optical properties in amorphous materials show changes according to the disorders frozen in these materials. Studying the shape and position of the absorption edge as a function of the preparation conditions is useful for estimating the amount of disorder [5] . Effects of the structural disorders on the electronic structure of amorphous solids can be clearly observed at the band edges. The signature of a disordered system is the narrowing of band gap and the formation of localized states with in the band tails. The reflections of these effects in the electronic structure can be represented by two separate regions called Tauc and Urbach regions. The electron accepting or withdrawing groups incorporated during the doping process form defect levels due to the incorporation of charged species in a doped polymer and it will reduce or enhance the binding energy of the carriers. As a result the optical and structural properties of the solids are modified [6] . The optical absorption spectrum shows a tail below the absorption edge at a finite temperature. The tail part near the absorption edge in various non metallic amorphous materials can be expressed empirically as [7] ( ) ( )( )
where the absorption coefficient α is a function of the photon energy E and the temperature T. E 0 is the photon energy, α 0 is the absorption coefficient at E=E 0 , and ( ) T σ is the steepness coefficient and depends on the temperature and is a measure of the defect states frozen in an amorphous solid. From the analysis of the absorption spectrum, the defect levels of doped and pristine thin films are compared. The electrical conductivity studies were carried out in the sense that, the defect states have pronounced significance in the charge transport properties of the polymer materials [8] .
Results and discussion

FTIR Studies
The FTIR spectra of monomer pyrrole, plasma polymerized pyrrole and iodine doped plasma polymerized pyrrole films prepared under ionic current of 50 mA for 45minutes are charted and are depicted in Figure 1 . The peaks in the plasma polymerized pyrrole are not sharp when compared with those in monomer pyrrole and most of the IR absorption features of the monomer pyrrole are noticeable in the spectrum of polypyrrole with small shift in wave numbers. The frequencies assigned for different peaks obtained in the FTIR spectrum of monomer, pristine and doped polypyrrole are tabulated and shown in the Table1. A strong peak due to the NH stretch mode is present at 3400 cm -1 in the monomer, 3332 cm -1 in the pristine form and at 3318 cm -1 in the iodine doped form. The strong bands at 3119 cm -1 representing CH stretch and 1095 cm -1 representing CH band in the monomer have become relatively weak in the polymer. This reduction in intensity of these bands seems to indicate a corresponding reduction in the number of CH oscillators in the polymer [9] . A characteristic peak is observed at 1037 cm -1 in the polymer which is due to the C-N stretch which supports the existence of pyrrole rings in the plasma polymers. The peak present at 1705 cm -1 in the polymer is due to the C = C stretch of the pyrrole ring. The strong peak detected at 740 cm -1 in the monomer and polymer indicates the presence of NH out-of-plane bending in the monomer and polymers in its pristine and doped forms. The existence of ring vibrations is seen within the broad band region 1400-1595 cm -1. The slight variation in the exact position of these peaks may be due to the change of state of the monomer (liquid) and polymer (solid). These studies show that a good amount of polymerization has taken place through hydrogen abstraction from the CH and NH bonds of pyrrole rings which are the most common phenomena during the plasma polymerization [3] . From Table1, it is seen that the pristine and iodine doped polypyrrole thin films exhibit the same type of band assignments. This indicates that iodine is not bonded in any manner to the polymer chain. A shift in wave number has been observed in the N-H and C-N stretching modes of the iodine doped sample compared to the pristine one. The shifts observed in the N-H and C-N stretching vibrations indicate that the dopant atoms might get attached to the nitrogen lone pair electrons of polypyrrole.
Tab
From the analysis of the FTIR spectra it can be concluded that iodine doping modifies the structure of the plasma polymerized pyrrole. Some extent of conjugation is also there in the structure of the plasma polymer, evidenced by the presence of C = C stretch of the pyrrole ring. Because of this extent of conjugation, iodine doping shows frequency shifts in the FTIR spectrum and brings about reduction in the optical band gap and enhancement in the dc electrical conductivity as observed in polyaniline thin films reported by Paterno et al [10] . When compared to the other plasma polymerization techniques and chemical synthesis of poly pyrrole thin films it can be seen that the FTIR spectra differ considerably from that of the ac plasma polymerized samples. A comparison of prominent IR peaks found in pyrrole thin films is compared with that of the dc plasma polymerized [11] , RF plasma polymerized [3] and chemically synthesized [12] polypyrrole samples are presented in Table 2 . A comparison of RF plasma polymerized pyrrole with that of chemically synthesized polypyyrole has been reported by Wang et al [12] UV-Vis-NIR studies 
where B is a constant and g E is the bang gap [13] .
In the ac plasma polymerized thin films, the band gap is found to be 3.1 eV in the pristine and 2.4 eV in iodine doped thin films. When compared to the RF plasma polymerized thin film reported by Kumar et al [3] , the band gaps are 1.3 eV and 0.8 eV respectively for pristine and iodine doped films. Iodine doping results either in the creation of charge transfer complexes or molecular aggregates and this affects the charge transport properties [14] . Iodine may enter into the polymer chain substitutionally or reside within the defect levels in the amorphous regions. Due to its high electro negativity, iodine interacts with the polymer backbone, leading to structural modification. This induces additional defect levels in the doped samples indicated by the exponential tail with decrease in photon energy below the band gap. Doping with electron acceptors like iodine increases the electrical conductivity because iodine doping decreases the binding energy of carriers [15] . 
Urbach tail analysis of polypyrrole thin films
The structural disorders form localized states within the band tails of electronic states, which cause changes in the optical and electrical transport processes in amorphous materials, and the amount of disorder is significant to control the physical properties of these materials. The exponential rise in the Urbach edge is the manifestation of the effect of structural and thermal disorder on the electronic properties of semiconductors [16] . The effect of structural disorder on the electronic structure of amorphous solids can be clearly recognized at the band edges. The band tails extending into the band gap generally shows an exponential behavior, appreciable in the low-energy region of the absorption profiles. The band tails are characterized by the band tail parameter E o as
where α is the absorption coefficient and hν is the photon energy. The band tail parameter 0 E depends on the carrier concentration n, temperature T and the structural disorder. 0 E is the sum of the interactive and structural contributions and its value can be calculated from the slope of the absorption edge.
which is a strong function of temperature [7, 15] From the FTIR spectra structural changes have been observed in polymers doped with iodine [13] . These structural modifications induce the defect levels in the doped samples. The degree of disorder can be calculated by the exponential tail which can be estimated from the Urbach tail analysis. The broadening of the Urbach tail increases with increase in defect states of the films. For that lnα vs hν plot is depicted in Figure 3 . From the inverse of the slope of the lnα vs hν plot, the value of the tail width E 0 (in eV) is calculated. The value of E 0 reflects the defect content in the film. The E 0 (in eV) of the pristine and iodine doped polypyrrole thin films are calculated and given in the Table 3 . The information obtained from the table suggests that in the high energy region (visible), the high value of E 0 for different absorption energy range in the case of doped films is higher when compared to that of the pristine ones. This indicates that the defect states created in this energy range is more pronounced in the doped films. From the absorption spectrum it can be seen that when compared to the pristine film, a considerable increase in optical absorption is taking place in doped film within the UV-Vis region. From this it is evident that the defect states created by the doping of iodine enhanced the optical absorption in the UV-Vis region.
The E 0 value of the pristine sample (0.468 eV) is greater than that of the doped films (0.357 eV) in the NIR region. This indicates that the defect states or additional energy bands created by doping is more prominent in the visible region than in the NIR region. The increase in the value of E 0 in the doped polypyrrole films in the visible region shows the enhancement of the charged defect states when the polymerization is carried out in the iodine atmosphere.
The enhancement of the electrical conductivity and the decrease in the band gap of the polypyrrole can be attributed to the fact that n type dopant like iodine leads to a subtraction of an electron from the polypyrrole system. Due to this, the molecular orbitals of the polymer shifts towards a smaller binding energy with respect to the Fermi level [17] . As a result of the reduction in the binding energy the conductivity of the samples increases. A plausible explanation of the enhancement of conductivity in the doped polymer is the increase in the hole density of the polymer.
J-V studies
The current density J vs VoltageV (J-V) characteristics of the pristine and doped polypyrrole thin films of thickness 210 nm are shown in the Figure 4 . The J-V characteristics at room temperature show a non ohmic behaviour at higher voltages and an ohmic behaviour in the lower region of the applied voltage in the case of both pristine and in situ iodine doped polypyrrole films. The graph shows that there is no breakdown in the samples even at higher voltage (60V) for the pristine and iodine doped films. The log J vs. logV plot of polypyrrole thin films is given in Figure 5 . In the lower region of the curve the value of the slope of log J vs log V is found to be unity which is the ohmic region where the current is proportional to the applied voltage such that the famous relation
, with mobility µ and the density of thermally generated charge carriers n o are assumed to be constant at a given temperature; e is the electronic charge, V the voltage applied and d the inter electrode distance or the film thickness of the sample film [18] . For voltages above critical voltage V c = 10V for pristine and 5.8 V for doped thin films, the electron current strongly increases. The occurrence of an abrupt increase of the current at a certain critical voltage V c is characteristic for an insulator with traps. For trap levels located at a single energy this trap-filled limit (TFL) is an extremely sharp transition, at which the current density switches to the Space Charge Limited Conduction (SCLC). At higher voltages SCLC current density is given by the Mott-Gurney relation 
where ∈ o ∈ r is the permittivity of the polymer, μ the charge carrier mobility and d the thickness of the film. From the slope of the log J-log V plot we observe that the current density J shows SCLC dependence on applied voltage up to a region 30 V for pristine and 18 V for doped films. After this region the dependence of J on V changes to a trap filled limit (TFL) with slope >2. The slope of the graph found in the high voltage region for the pristine thin film is about 3 and for doped thin films it is found to be 3.6, which indicates the enhancement of trap density in the doped films. SCLC type conduction is an indication of the structural defects typically resulting in the discrete trap states within the energy gap [8] , which was observed in the optical absorption studies. In the case of RF plasma polymerized thin films the conduction mechanism is Schottky type [3] . The conductivity values show an order of enhancement in the doped film. In the optical absorption reduction of band gap and the modification of absorption spectra is observed. This may be due to the formation of intermediate energy levels created by the iodine doping. Even though the iodine doping increases the carrier density of the films the enhancement of the conductivity is not so pronounced due to the low mobility of the carriers. It may also be possible that the doping induced defect states do not contribute much towards the electrical conductivity of the polymers due to the low mobility of carriers.
Conclusions
Considerable changes are observed in the structural, optical, and electrical properties of iodine doped polypyrrole thin films when compared to their pristine counterparts.
The decrease in band gap and enhancement of conductivity are explained on the basis of the decrease in binding energy by the incorporation of charged defects. The enhancement of defect levels by iodine doping is explained by the help of Urbach tail analysis. Doping of iodine results in the creation of charged defects in the polymer chain. The additional levels created by the doping of iodine affect the electronic structure of polypyrrole, which is clearly recognized at the band edges. From the Urbach tail analysis it is found that the disorders created by doping are more prominent in the visible region than in the NIR region.
Experimental part
Preparation of thin films
Polypyrrole thin films were prepared by ac plasma polymerization technique and the details of this technique are given elsewhere [19] . The set up consists of two stainless steel electrodes, each of diameters 0.23 m and placed 0.05 m apart. Ultrasonically cleaned glass substrates were placed on the lower electrode for the polymer thin film deposition. The schematic diagram of the chamber is shown in Figure 6 . The glow discharge chamber was evacuated using a rotary pump. Plasma discharge was obtained in the chamber by applying a low frequency and a high ac voltage in the range 500-800 V between the electrodes with current in the range 50-70 mA at a frequency of 50 Hz .Monomer was injected into the glass chamber between the electrodes by means of a glass sprayer at a monomer vapour pressure of 0.266 mB. Polymer films in the thickness range 100-750 nm could be grown in the time of 30 to 60 min on cleaned glass substrates kept in the chamber. 
In situ doping of iodine
Iodine doping of plasma polymerized pyrrole thin films was carried out by introducing iodine vapour in to the plasma polymerization chamber along with the monomer vapour by means of a separate feed through. The introduction of iodine vapour into the chamber was in such a way that this did not affect the pressure inside the vacuum chamber. The thin films prepared in the iodine atmosphere were heated at 330 K for expelling the part of the iodine not incorporated in the polymer matrix.
Optical absorption studies, FTIR spectroscopy, JV studies
The FTIR spectra of pristine and doped polypyrrole thin film were recorded by a Nicolet Avatar 360 FTIR Spectrophotometer in the wavelength range of 400 cm -1 -4000 cm -1 under identical conditions. The optical absorption spectra of the samples were recorded using a JASCO-V-570 UV-Vis-NIR spectrophotometer. The optical band gap of these samples was evaluated from the photon energy -absorption plot.
For the J-V studies Al-Polymer-Al sandwich structure configuration was used. The measurements were taken using Keithley 236 Source Measurement unit. The samples were loaded in a home built conductivity cell and the experiment was carried out at dynamic vacuum.
